The science that underpins our knowledge and understanding of Isotope-Based Hydrograph separation (IHS) has gained grounds, over the last few decades, in the identification of streamflow sources. However, challenges still exist in identifying appropriate tracers and the right combination of end-members for the IHS process. In a two-component IHS analysis, the application of the dual isotopes tracers, δ 18 O and (or) δ 2 H, is regarded as the simplest method.
Introduction
The science that involves the identification of various sources of streamflow contributions has improved since the advent and integration of environmental isotopes, especially δ 18 O and δ 2 H, into watershed science. Identifying sources of streamflow can be beneficial in studies involving the evaluation of drought conditions [1] , atmospheric trends [2] [3], flow regimes [4] , nutrient and contaminant sources [5] , amongst others. The identification of streamflow sources, in the context of environmental isotopes, is achieved through a process called Isotope-based hydrograph separation (IHS), a method which involves solving a couple of multi-component mass balance equations with its underpinning assumptions detailed in earlier works by [6] and [7] [8]. The variables (δ) in the mass balance equations are informed by the end-member (End-M) choices in the hydrograph separation process. The choice and use of specific End-Ms invariably translate into the computed proportions of streamflow contributions coming from the various sources. Selecting appropriate End-Ms, the application of which will lead to results that will adduce confidence in usage for watershed management decision making, is thus critical. Emerging results from recent studies (e.g., [9] ), however, suggest that making the "right" choice of End-Ms may not be an easy and straightforward process. In fact, outcomes from the IHS work by [9] -and the associated uncertainties emanating from the computed IHS results-suggest that, aside the basic understanding of the underlying principles of the science governing the IHS studies, a clear appreciation of the effects of geographic, geologic and seasonal climatic dynamics on the results of IHS may be needed. This is particularly critical for semi arid regions such as the Canadian Prairies where inter-seasonal and annual shifts in climatic dynamics can strongly influence End-M concentrations leading to rapid temporal changes in IHS results. This study further elucidates the spatio-temporal dynamics of the IHS outcomes emerging from the End-M choices outlined in the work of [9] . We evaluate how the End-M scenario (sensu [9] ) choices contribute to mathematically possible (i.e., results that also include values that are less than 0 or greater than 1) hydrograph separation results. We also consider if seasonal and physio-hydrogeographic dynamics at a site can influence the choice of End-Ms available for IHS. An evaluation is also made to test if there is any statistical significant association of IHS results over all the scenarios. To this end, the main objective of this paper was to evaluate the dynamics of the potential "pools" of end-members that may be available to watershed scientists in the context of an isotope based hydrograph separation (IHS) process and catchment hydro-physiographic characteristics. 
Methods
Our research was undertaken in a nested system of a 74.41 km 2 Prairie watersheds comprising of eight outlets (Figure 1(a) ) and located within the Prairies ecozone in south central Manitoba, Canada. The ecozone is characterized by semi-arid to sub-humid temperate conditions, i.e., cold lengthy winters and short cool summers [10] . The watershed comprises of the "MS" sites, which are relatively smaller sub catchments and are located above the escarpment, the HWY240 site atop of which the escarpment trends, and the Miami site which forms the final outlet of the whole watershed ( Figure 1(a) ). The escarpment, which marks the boundary of Glacial Lake Agassiz, is composed of glacial deposits as an outcome of successive glaciation and morainal activities [11] . The HWY240 site forms the only perennial outlet among the studied catchments and underlaid by coarse grained silt, sand and gravel deposits (Figure 1(c) ). The watershed is generally composed of cropland vegetation with forested patches within some portions-the HWY240 site having the most forest ( Figure 1(b) ). and precipitation (including snowpack, melt, and rain) were used as variables in a two-component IHS process. The process relied on the steady-state mass balance equations of water and concentration equilibrium [12] (Equation (1) and Equation (2)), to separate the stream hydrographs into "old" water (i.e., water that existed within the watershed before the onset of the current precipitation) and "new" water (i.e., water brought in by the current precipitation event). The End-M selection and IHS technique, outlined in [13] and then [9] , were followed in the separation of each stream hydrograph.
where Q is discharge, δ is the isotopic ratio of a sample relative to standard, subscripts stream , old , and new refer to the streamwater, "old" water, and
"new" water.
Transformation of (1) and (2) above yields the proportions of "old" (3) and (4) below: 
Results

Spatio-Temporal Distribution of "Old" Water Fractions (PROPold)
There was a general increase in the fraction of "old" water (PROP old ) at all the outlets as the water year progresses from April until October (Figure 2 ). This trend is consistent with findings from other studies, albeit in studies within humid catchments (e.g., [14] 
Scenario-Based Number of Hydrograph Separations
The number of scenarios that led to mathematically possible (including less than 0 and greater than 1) isotope based hydrograph separation (IHS) results appear to be smaller at majority of the sites located above the escarpment (i.e., sites MS1, MS2, MS3, and MS4) in contrast to the sites located at Miami and HWY240 (Figure 1 H-base)-almost forming a mirror image-to choose from when we consider each tracer ( Figure 6 ).
There appears to be a dominance of strong to very strong significant associations of PROP old results-obtained from the application of the same scenario across the eight sites-when correlation analysis (at the 95% significance level) of all the results across the 80 scenarios was performed (Figure 7(a) ). It should, however, be noted that the existence of significant correlations between Open Journal of Modern Hydrology . Spatio-temporal distribution of total number of scenarios for which computed IHS was acceptable across all the eight outlets during the water year. White cells that run from bottom to top show dates for which stream channel was dry.
Discussion
Temporal Dynamics Reveal Passive Stores of "Old" Water in Perennial Outlets
It is a generally accepted hydrologic notion in the Prairies that "old" water (which usually comes from passive storage of groundwater) is not expected to Figure 6 . Distribution of the total number of hydrograph separation performed using the given scenario across all outlets during the water year. Note that the number of sampling days (as in Figure 2 ) has an influence on the totals shown in the current figure. dominate in streamflow during the early and late spring seasons when snowmelt mostly contributes to runoff via Hortonian overland flow [16] . Melting of the accumulated snowpack from the long winter season (stretching from October to March) contributes significant proportions of "new" water to the streams during the freshet period. In the current study, however, we see a slightly different behavior in the only perennial outlet (HWY240) of the watershed; streamflow during the early spring season appears to contain unusually high proportions of PROP old (Figure 2 and Figure 3 ). This we attribute to the passive stores of "old" 
Conclusion
The main objective of this paper was to evaluate the dynamics of the potential It was observed that the application of some end-member and tracer choices at some of the sites led to high amounts of mathematically possible (including results that were below 0 or above 1) IHS results, many of which were unacceptable from a hydrologic standpoint. This dynamic was particularly true for the study sites that had relatively larger sizes and (or) were perennial in nature.
We hypothesise that in those relatively larger and pristine watersheds, there may likely be more than two sources of contributions to streamflow, implying an application of a three-component mass balance equation rather than a two-component. This study also highlights a potential transferability of end-member and tracer choice applications across sites; implying that there could exist particular inter-site characteristics that promote the application of common end-member and tracer choices between those sites. The authors hereby urge watershed scientists that apply IHS in their work for watershed management purposes to pay detailed attention to the physio-hydrographic dynamics of their study sites in addition to a careful evaluation of the end-member and tracer choices they make.
